ABSTRACT. Amylases are an important family of enzymes involved in insect carbohydrate metabolism that are required for the survival of insect larvae. For this reason, enzymes from starch-dependent insects are targets for insecticidal control. PF2 (Olneya tesota) is a lectin that is toxic to Zabrotes subfasciatus (Coleoptera: Bruchidae) larvae. In this study, we evaluated recognition of the PF2 lectin to a-amylases from Z. subfasciatus midgut and the effect of PF2 on a-amylase activity. PF2 caused a decrease of total amylase activity in vitro. Subsequently, several a-amylase isoforms were isolated from insect midgut tissues using ion exchange chromatography. Three enzyme isoforms were verified by an in-gel assay for amylase activity; however, only one isoform was recognized by antiamylase serum and PF2. The identity of this Z. subfasciatus a-amylase was confirmed by liquid chromatographyÀtandem mass spectrometry. The findings strongly suggest that a glycosylated a-amylase isoform from larval Z. subfasciatus midgut interacts with PF2, which interferes with starch digestion.
Zabrotes subfasciatus (Coleoptera: Bruchidae) is an insect that plays an important role in the postharvest loss of the common bean (Phaseolus vulgaris). Larvae grow and feed inside seeds of the bean, causing severe damage to the seeds and reducing in their nutritional quality (Hall et al. 1997) .
Legumes contain large amounts of enzyme inhibitors, tannins, and lectins that provide a natural defense against insect pests (Daoust et al. 1985) . Lectins, specifically, are proteins or glycoproteins that can reversibly recognize specific mono-or oligosaccharides (Sharon and Lis 2004) . The insecticidal activity of plant lectins is associated with their ability to bind to glycoproteins present in the insect midgut that are important for the normal function of the gut Raikhel 1991, Du et al. 2000) . Others have identified several insect midgut receptors that recognize plant lectins including enzymes such as aminopeptidase, aldehyde dehydrogenase, a-amylase, a-mannosidase, and 3-hydroxyacyl-coenzyme A dehydrogenase (Cristofoletti et al. 2006 , Vandenborre et al. 2011 .
Alpha-amylases play a key role in insect carbohydrate metabolism, and inhibition of amylase activity has been shown to be an effective mechanism for controlling insect pest populations (Shade et al. 1994) . Alpha-amylases (a-1, 4-glucan-4-glucanohydrolases; EC 3.2.1.1) catalyze the hydrolysis of a-D-(1, 4) glucan linkages in starch, glycogen, and various other related carbohydrates (Strobl et al. 1998 , Franco et al. 2000 . Recently, an a-amylase was identified in midgut brush border membrane vesicles of Anopheles albimanus that serves as a receptor for the insecticidal Cry toxins from the Gram-positive, soil-dwelling bacterium, Bacillus thuringiensis (Fernandez-Luna et al. 2010) .
Z. subfasciatus larvae, like other insect pests of beans, consume a diet rich in polysaccharides, including starch, and larval survival depends largely on the effectiveness of the a-amylases to digest this starch (Shade et al. 1994) . It has been reported that the PF2 lectin of Olneya tesota seeds induced 100% mortality of Z. subfasciatus larvae when incorporated into an artificial diet at a concentration of 0.5% w/w (Lagarda-Diaz et al. 2009 ). Searches conducted to identify midgut glycoproteins from Z. subfasciatus recognized by PF2 showed that the lectin could act on the insect midgut by simultaneous interaction with several target glycoproteins (Lagarda-Diaz et al. 2012) . The aim of this study was to evaluate the recognition of PF2 to a-amylases from Z. subfasciatus larval midgut and the effect on amylase enzyme activity.
Materials and Methods
Insects. Colonies of Z. subfasciatus were reared for several generations on P. vulgaris that were kindly donated by the Entomology Laboratory of Universidad of Sonora. Insects were reared under controlled conditions (27 C, 65-75% relative humidity [RH] with 12-h light daily) according to Rodriguez-Quiroz et al. (2000) .
Plant Material. Seeds of O. tesota were collected from mature trees located in the Sonora Desert, Hermosillo, Mexico. Mature pods containing two to six dry seeds were collected and transported to the laboratory. Seeds were removed from pods and stored at 4 C in paper bags. PF2 Lectin Purification. PF2 lectin was purified according to Vazquez-Moreno et al. (2000) . Briefly, O. tesota seeds were ground and meals defatted by hexane extraction. Hexane was removed by aeration under a chemical hood. The flour was suspended in a 0.9% NaCl solution (1:10, p/v) containing 0.02% sodium azide and 0.2 mM phenylmethanesulfonyl fluoride, stirred for 2 h at 4 C, and then centrifuged at 800 Â g for 15 min. The extract was clarified by glass fiber filtration and kept at 4 C until use. For PF2 purification, fetuin was coupled to activated agarose (Mini-Leak) following the procedure developed by Kem-En-Tec Diagnostics. The crude extract (15 ml) was injected onto the agarose-fetuin column (10 mm by 100 mm), previously equilibrated with PBS (0.02 M KH 2 PO 4 /K 2 HPO 4 , 0.9% NaCl, and 0.02% sodium azide pH 7.2). Unbound protein was washed from the column with 10 column volumes of equilibrium buffer, and the PF2 lectin was eluted with two column volumes of 0.05 M glycine-HCl buffer (pH 2.5). Lectin-containing fractions were pooled, dialyzed against water at 4 C, freeze-dried, and stored at À20 C until use. Preparation of Soluble Midgut Lumen Proteins. Midguts of 400 larvae (20-d old), selected as described by Rodriguez-Quiroz et al. (2000) , were cold immobilized and dissected in cold 250 mM NaCl solution. Larval midguts were separated using surgical tweezers, and specific portions of the midguts were resected and retained (posterior to proventriculus and anterior to Malpighian tubule segments). Only actively feeding larvae with food filling the midgut tract were selected. Midguts were rinsed in 250 mM NaCl solution containing protease inhibitors, homogenized using an Ultra-Turrax T25 homogenizer at 8,000 rpm for 1 min, with the sample immersed in ice, and centrifuged at 434,902 Â g for 20 min at 4 C in an ultracentrifuge (Beckman, CA, USA). The supernatant containing the soluble midgut lumen proteins (crude extract) was stored at À80 C, and the protein concentration was determined using the Lowry method with bovine serum albumin as the standard (Lowry et al. 1951) .
In Vitro Effect of PF2 on a-Amylase Activity. The effect of PF2 on a-amylase activity of Z. subfasciatus larvae was determined using the Bernfeld method (Noelting and Bernfeld 1948) . The crude extract (2 ml) of midgut from 20-d-old larvae with a complete cocktail of protease inhibitors (Roche), was incubated with PF2 (100 mg/ml) in 100 mM acetate buffer, 20 mM NaCl, and 0.2 mM CaCl 2 , pH 6.8 at 30 C. After 3 min of incubation with PF2, 25 ml of 1% soluble starch was added and incubated at 30 C for another 15 min. The assay was stopped with the addition of 100 ml of 3,5-dinitrosaliciylic acid, heated in boiling water for 10 min, cooled and diluted with 1 ml of water, and the absorbance was measured at 540 nm. The a-amylase activity was expressed in milligrams of maltose liberated/10 min/37 C. The a-amylase inhibitory activity was expressed as a relative a-amylase activity without preincubation with PF2. Assays were completed in triplicate. Maltose was used as the standard with one unit of enzyme activity defined as the amount of enzyme required to produce 1 mM of maltose/min.
PF2-Sepharose Affinity Chromatography. Purified PF2 was cross-linked to glycidol-activated Sepharose 4BCl to generate PF2-Sepharose (Hermanson et al. 1992) . Crude extract from larval midguts was adjusted to pH 7.0 for optimal binding to PF2 and applied onto a 2-ml PF2-Sepharose column equilibrated with PBS. The column was washed with PBS containing a complete cocktail of protease inhibitors. Protein elution was monitored by absorbance at 280 nm. Glycoproteins retained on PF2-Sepharose were eluted with 0.02 M glycine-HCl buffer (pH 2.5) and collected until absorbance at 280 nm reached baseline.
Polyacrylamide Gel Electrophoresis and a-Amylase Detection. The elution fraction obtained by PF2-Sepharose affinity chromatography was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (12% SDS-PAGE). An immunoblot assay was performed as described by Towbin et al. (1979) where proteins separated by SDS-PAGE were transferred onto a nitrocellulose membrane at 2.5 mA/cm 2 for 40 min, using a semidry blotter (Labconco). Membranes were blocked for 1.5 h with PBS containing 2% bovine serum albumin (4 C). The presence of a-amylase was detected using rabbit polyclonal a-amylase antiserum (1:500; AmyAnti, Roche Applied Science) for 4 h followed by incubation with biotinylated goat antirabbit antibody (1:20; BioRad) for 2 h and streptavidin-peroxidase for 1.5 h (Sigma Chemicals Co.) at room temperature (RT). The color reaction was developed at RT with the addition of peroxidase substrate, 0.075% 3,3 0 -diaminobenzidine tetrahydrochloride. In addition, porcine a-amylase (Roche) was used as a control to test the antibody specificity with similar results (data not shown).
Isolation of a-Amylases. Crude extract of soluble larval midgut proteins was fractionated using ammonium sulfate saturation. Alphaamylases were isolated from the supernatant fraction of 50-80% saturation of ammonium sulfate. The precipitated protein was extensively dialyzed against 40 mM Tris-HCl, pH 8.5 and applied to a HiTrap Q HP ion exchange column, on an AKTA chromatography system. Bound proteins were eluted using a linear salt gradient from 0 to 500 mM NaCl gradient in 40 mM Tris-HCl, pH 8.6. The elution was monitored by absorbance at 280 nm and the a-amylase-containing fractions were pooled. Protein concentration was determined using the Bradford method with bovine serum albumin as the standard (Bradford 1976) .
In Gel Assay and Immunoblotting. Alpha-amylase activity was detected in an 8% SDS-PAGE in semidenaturing conditions using a BioRad Mini II apparatus. Pooled amylase fractions obtained by ion exchange chromatography were diluted twofold in electrophoresis sample buffer (without 2-mercaptoethanol) and subjected to electrophoresis (samples were not previously boiled). Electrophoresis was carried out at 4 C using precooled buffers and continued for 120 min at 150 V after the tracking dye had run off the gel. After electrophoresis, one half of the gel was used for detection of a-amylase activity as follows: the gel was transferred to a 2.5% (w/v) solution of Triton X-100 for 20 min at RT, then incubated in a 1% soluble starch solution in 100 mM acetate buffer, 20 mM NaCl, and 0.2 mM CaCl 2 , pH 6.8 at 30
C for 30 min, followed by 2-min wash with distilled water. The gel was stained with a solution of 1.3% (w/v) I 2 and 3% (w/v) KI. Excess iodine was removed with washes in cold distilled water. Light bands against a dark background indicated the presence of a-amylase activity. The proteins on the second half of gel were transferred to a nitrocellulose membrane as described previously. One half of the membrane was immunoblotted using AmyAnti (1:500), followed by treatment with biotinylated antirabbit Ig (BioGenex), and the second membrane section was incubated with biotinylated PF2. After the incubation with the streptavidinperoxidase complex for 1.5 h, the color reaction was developed at RT with addition of peroxidase substrate, 0.075% 3,3 0 -diaminobenzidine tetrahydrochloride.
Protein Separation by Two-Dimensional Gel Electrophoresis and Immunoblot Assay. Amylases obtained by ion exchange chromatography were mixed with rehydration buffer (7 M urea, 2 M thiourea, 2% CHAPS, 60 mM DTT, 1% carrier ampholytes, and a trace of bromophenol blue) and homogenized for 5 min in a vortex. Insoluble material was removed by centrifugation (10,000 Â g for 2 min at 4 C). Soluble protein (25 mg) in 125 ml of rehydration buffer was applied on 7-cm IPG strips pH 3-10 (BioRad) for 16 h rehydration, RT. Isoelectric focusing (IEF) was performed on a Protean IEF Cell (Bio-Rad, Hercules, CA, USA) for 8,000 Vh at 50 mA per strip. After IEF, the strips were equilibrated for 30 min in a solution containing 0.375 M Tris pH 8.8, 6 M urea, 20% (v/v) glycerol, 2% (w/v) SDS, 2% (w/v) DTT, and a trace of bromophenol blue, followed by 30 min in the same solution with the addition of 2.5% (w/v) iodoacetamide instead of DTT. In the second dimension, the strips were applied on a 12% SDS-PAGE, and proteins were separated at 200 V, 4 C. SDS-PAGE 2D separated proteins were transferred onto a nitrocellulose membrane at 0.8 mA/cm 2 for 45 min, using a semidry blotter (Labconco). The presence of a-amylase was detected using rabbit polyclonal a-amylase antiserum (1:500; AmyAnti) as described previously.
Nanoscale Liquid Chromatography2Tandem Mass Spectrometry (Nano-LC2MS/MS). For spectrometry analysis, samples were sent to the Arizona Proteomics Consortium (Proteomic Services, University of Arizona, Tucson, AZ). The protein band was manually excised from the gel, destained, and in-gel digested with commercial Proteomax. After digestion, tryptic peptides were extracted from the gel pieces with 5% formic acid/5% acetonitrile. Microbore HPLC system (TSP4000, Thermo) was modified to operate at capillary flow rates using a simple T-piece flow splitter. Columns (inner diameter: 8 cm by 100 mm) were prepared by packing 100 Å , 5-mm Zorbax C18 resin at 500-psi pressure into columns with integrated electrospray tips made from fused silica, pulled to a 5-mm tip using a laser puller (Sutter Instrument Co.). Peptides were eluted in a gradient using buffer A (90% H 2 O, 10% methanol, 0.5% formic acid, and 0.01% trifluoroacetic acid) and buffer B (98% methanol, 2% H 2 O, 0.5% FA, and 0.01% trifluoroacetic acid). After an initial wash with buffer A for 1 min, peptides were eluted with a linear gradient from 0 to 70% buffer B over 35 min, followed by a 70À90% buffer B gradient over 2 min and a 3-min wash at 90% buffer B. Samples were introduced onto the analytical column using a Surveyor auto sampler (Surveyor, Thermo-Finnigan). MS was scanned, followed by three MS/MS scans of the highest peak within the initial MS scan. Other instrument parameters included the following: precursor ion at 2.0 Da, MS/MS normalized collision energy at 30%, default charge state of precursor at 2, minimum MS scan signal threshold at 500, activation (Q) at 0.250, activation time at 30 ms, and exclusion mass width at around 6 1.5 Da. All matched peptides were confirmed by visual examination of the spectra. All spectra were analyzed using insect protein databases from NCBI. The results were validated using XTandem and Scaffold, a program that relies on various search engine results (e.g., Sequest, XTandem, and MASCOT), which uses Bayesian statistics to reliably identify more spectra (Keller et al. 2002) .
Statistical Analysis of Data. The results were expressed as the mean 6 SEM. All the data were examined using one-way analysis of variance (ANOVA). The Student's test was used to identify the means, which differed when ANOVA indicated significance. P < 0.05 indicated significance.
Results
Reduction of a-Amylase Activity by PF2 Lectin Binding. It was previously reported that PF2 is toxic to Z. subfasciatus larvae, and this toxicity could be related to the inhibition of starch digestion. Thus, an in vitro a-amylase activity assay was conducted with the PF2 lectin. The results demonstrated PF2 inhibits 20% of a-amylase enzymatic activity (Fig. 1) .
PF2 Binding of a-Amylase. Affinity chromatography followed by inmunodetection with AntiAmy antiserum was used to examine the ability of PF2 to bind to amylases from Z. subfasciatus larval midguts. Detection with AntiAmy showed a band of $50 kDa ( Fig. 2A) , which coincides with the mass reported for Z. subfasciatus amylase (Pelegrini et al. 2006 ). Alpha-amylases were subsequently isolated from the midgut tissues with ion exchange chromatography. Fractions with a-amylases were eluted with 0.31-0.36 M NaCl, and the presence of amylases was confirmed by zymogram analysis (Fig. 2B) . Alphaamylases in midgut tissue extracts from Z. subfasciatus larvae were examined using AntiAmy and revealed one band with amylase activity (Fig. 2B) . To verify whether the band with amylase activity corresponded to the midgut glycoproteins recognized by PF2, lectin detection with biotinylated PF2 was applied (Fig. 2B) . The detection pattern of amylases by PF2 was similar to that observed for AntiAmy. PF2 recognized only one of the bands with amylase activity from the zymogram analysis (a-3). The isolated amylase fraction was subsequently resolved by 2D SDS-PAGE followed by immunoblotting using AntiAmy. The 2D detection pattern demonstrated three isoforms of $50 kDa (Fig. 3) , with isoelectric points (pI) close to 7. This result is in agreement with the theoretical pI for Z. subfasciatus amylase (Grossi de Sa and Chrispeels 1997).
Mass Spectrometry Identification of a-Amylase. The band recognized by both the PF2 lectin and AntiAmy antiserum was subjected to in-gel protease digestion and LC-MS/MS analysis. Seven peptides were identified by spectrometry that matched an amino acid sequence for an amylase from Z. subfasciatus (Table 1 ). The data presented herein establish that this a-amylase from Z. subfasciatus larval midgut is glycosylated with oligosaccharides that are recognized by PF2 lectin.
Discussion
Using mass spectrometry alone to identify soluble proteins recognized by PF2 from the larval midguts of Z. subfasciatus would have been a complicated process due to the potential contamination of the Fig. 1 . PF2 inhibits Z. subfasciatus a-amylase activity. Crude larval midgut extracts were incubated in the presence or absence of PF2 (100 mg/ml) and measured as a-amylase activity units, described under Materials and Methods. Bars indicate mean 6 SEM. *Significant difference from control treatment (ANOVA, n ¼ 5, P < 0.05; Student's t-test).
Fig.
2. Detection of a-amylase in larval midguts. (A) Immunodetection of a-amylase using rabbit polyclonal a-amylase antiserum. Midgut protein extract from 20-d-old larvae was separated by affinity chromatography using PF2-Sepharose, and the eluted proteins were subjected to 12% SDS-PAGE and transferred onto a nitrocellulose membrane and detected using a-amylase antiserum, AntiAmy. (B) In-gel assay of Z. subfasciatus a-amylases. Samples containing 45 mg of total protein were resolved on an 8% SDS-PAGE: (a) assay of a-amylase activity; (b) immunodetection of a-amylases using AntiAmy; and (c) lectin-detection with biotinylated PF2. *The protein band that was sequenced by LC-MS/MS. Fig. 3 . Identification of Z subfasciatus a-amylases by twodimensional gel electrophoresis. The isolated amylase obtained by ion exchange chromatography of larval midgut extracts was resolved by two-dimensional gel electrophoresis and detected using AntiAmy as described under Materials and Methods.
samples by dietary proteins that may interact with this lectin (LagardaDiaz et al. 2009 ). Our previous data indicated midgut proteins from Z. subfasciatus that interacted with PF2 included an a-amylase; however, identification was not definitive because of the low abundance of the amylase relative to other profuse dietary proteins present in the midgut. In this work, we establish the interaction of PF2 with a midgut amylase by isolating the amylase using PF2 affinity chromatography and confirming this interaction by mass spectrometry sequence analysis, pI, and amylase immunodetection.
The effect of lectins on animal enzyme activity has been observed previously. For example, Galantus nivalis lectin was shown to reduce the a-glucosidase activity in Lacanobia oleracea larvae and decreased rat sucrose-isomaltase activity by almost 50% (Pusztai et al. 1990, Ficthes and Gatehouse 1998) . Lectins can also increase the activity of some enzymes by increasing the number of active enzyme sites or by altering substrate accessibility or affinity (Young and Oomen 1992) .
Our previous findings demonstrated PF2 binding to the larval midgut is highly toxic to Z. subfasciatus. Here, we show that PF2 reduced the midgut a-amylase activity by about 20%. In contrast, Macedo et al. (2007) reported that although the Bauhinia monandra lectin caused 50% mortality to the coleopteran, Callosobruchus maculatus binding of the BmoLL lectin increased in vitro a-amylase activity by 25%.
Glycosylation of a-amylases was initially established with porcine pancreatic, human salivary, and bacterial amylases (Matsushita et al. 2002) . Recently, it was reported that GNA lectin (specific for oligomannose) recognizes in vitro a-amylases from several insects including Acyrthosiphon pisum, Tribollium castaneum, Apis mellifera, and Bombyx mori (Vandenborre et al. 2011) . Studies of Z. subfasciatus larvae by others identified three a-amylase isoforms, where the major constitutive amylase demonstrated a faster electrophoretic mobility than the two minor isoforms (Silva et al. 2001) . Other isoforms of Z. subfasciatus amylase can be induced by diet variations and at different larval developmental stages (Grossi de Sa and Chrispeels 1997; Silva et al. 1999 Silva et al. , 2001 . A previously reported sequence for Z. subfasciatus a-amylase exhibited a potential N-glycosylation site, N442, close to the C-terminus and an O-glycosylation site at the T425 residue (Grossi de Sa and Chrispeels 1997). If glycosylated, oligosaccharides at these sites may affect the interaction of the amylase with lectins present in the diet.
Our research indicates that at the developmental stage studied, Z. subfasciatus midguts have three amylase isoforms, where one is glycosylated with oligosaccharides recognized by PF2. Further, PF2 binding reduces the activity of the enzyme. The other two amylase isoforms not recognized by the PF2 may retain their activity, and thus, in vitro, activity is reduced by 20%. Consequently, we hypothesize that the insecticidal activity of PF2 is not exclusively due to interaction with amylase and may include binding of other receptors or proteins necessary for normal midgut function in these insects. Alternatively, PF2 interaction with the glycosylated amylase isoform may be sufficient to induce significant insect death at earlier stages of larval development. On-going research is in progress to assess these hypotheses. 
